Poorly differentiated thyroid carcinoma (PDTC) is an aggressive form of thyroid cancer that currently has limited effective treatment options. Immune checkpoint inhibitors (ICIs) have shown to be an effective treatment for a variety of carcinomas. In this study, we explore whether immune checkpoint pathways, such as programmed cell death ligand 1 (PD-L1) and indoleamine 2,3-dioxygenase 1 (IDO1), are activated in a cohort of patients with PDTC to determine whether ICIs may be an effective therapy for these patients. PDTC from 28 patients were stained for IDO1, PD-L1, and CD8 using immunohistochemistry. Staining was scored using an H-score, and PD-L1 and IDO1 expression was correlated with clinicopathologic characteristics. Positivity for PD-L1 and IDO1 was set at an H-score cutoff of five. Twenty-five percent (n = 7/28) of the PDTC were positive for PD-L1 expression. Twenty-nine percent (n = 2/7) of the PD-L1 positive PDTCs also co-expressed IDO1. The expression of PD-L1 in PDTC was significantly associated with tumor size and multifocality, with a non-significant trend towards associations with older age, extrathyroidal extension, presence of metastasis, higher stage, increased number of CD8+ T cells, and decreased disease-free and overall survival. PD-L1 expression occurs in a subset of PDTC, and is associated with a subset of clinical features of aggressive thyroid disease. Given the limited effective treatments for this patient population, consideration for ICIs as monotherapy or in combination with an IDO1 inhibitor should be explored as a novel treatment modality for patients with PDTC.
Introduction
Poorly differentiated thyroid carcinoma (PDTC) is a follicular cell-derived thyroid neoplasm that has both histomorphologic features and clinical outcomes intermediate between welldifferentiated thyroid cancers (WDTC, i.e., papillary or follicular carcinomas) and anaplastic (i.e., undifferentiated) thyroid carcinoma (ATC) [1] . The incidence of PDTC varies by country, ranging from 0.8% of the thyroid cancers in Japan [2] to 2-3% in North America and up to 15% in Northern Italy [3] .
Unlike most WDTC, PDTC is an aggressive disease; extrathyroidal extension is present in up to 75% of the patients, and distant metastasis is present in over half of the patients [3, 4] . The presence of PDTC, even as a minor tumor component (e.g., 10%), significantly reduces 10 year survival from 90% (for WDTC) to 50% [5, 6] .
Classification of a thyroid carcinoma as PDTC is based upon the assessment of selected histomorphologic features included in the Turin criteria published by Volante et al. in 2007 [1] . These conventional diagnostic criteria consist of certain architectural patterns (such as an insular growth pattern), absence of papillary carcinoma nuclear features, and presence of certain other high grade histologic features [1] . Molecularly, as well as histologically, it appears that PDTC represents an intermediate step between WDTC (which often have BRAF, RAS, RET/PTC, or PAX8-PPARγ alterations) and ATC (which often harbor TP53, cyclin D1, TERT, and β-catenin abnormalities) [7] [8] [9] [10] [11] [12] . PDTC often occurs in the setting of a prior or concurrent WDTC, where additional mutations may predispose to the transition to PDTC [7] . The histologic progression to PDTC often includes the accumulation of later-stage mutations such as TP53, TERT, and β-catenin, but without the full loss of differentiation seen in ATC [7] [8] [9] [10] [11] [12] .
The initial management of PDTC is similar to WDTC, with total thyroidectomy (if possible) and radioiodine being the mainstays of treatment. Unfortunately, these tumors are often poorly responsive, thus necessitating more aggressive therapy [3, 4] . However, chemotherapy has not yet been shown to be effective and is not currently recommended for routine management [13] . While multitargeted tyrosine kinase inhibitors such as Lenvatinib improve progression-free survival in patients with advanced/metastatic WDTC, their role in PDTC is less clear [14, 15] . As such, enrollment in clinical trials is often recommended for patients with radioiodine-refractory metastatic disease, but outcomes are still generally poor. Immune checkpoint inhibitors (ICIs) are a promising treatment option in a number of malignancies, including head and neck cancers, and may be potentially useful in PDTC as well.
Programmed cell death-1 (PD-1) is an immune checkpoint molecule whose role is to suppress the CD8+ T cell response upon interaction with its ligand, PD-L1 [16] . PD-1 is expressed on T cells (as well as some other immune cells) in response to stimuli, such as interferon gamma, and upon interaction with PD-L1 (a membrane protein expressed on a variety of immune cells and which can be induced on cancer cells), results in T cell anergy and apoptosis [17] . Although this response is physiologic in the context of preventing autoimmunity, it is pathologic in chronic infection and cancer, where it antagonizes the cytotoxic immune response and can allow for persistent infection and/or tumor escape from immune surveillance [18] . There has been extensive research on disrupting this axis (through inhibition of PD-1 or PD-L1) in order to reactivate the immune response for cytotoxic T cell killing. Three of these drugs have received FDA approval for treatment of several malignancies and are considered candidate first-or second-line therapies for a variety of cancers including melanoma [19] , non-small cell lung carcinoma [20] , head and neck squamous cell carcinoma [21] , and Merkel cell carcinoma [22] .
The critical role of the PD-L1/PD-1 interaction has been demonstrated in both preclinical models and in clinical trials across many solid cancers. However, investigation into its use as a treatment option for thyroid cancer has been limited to date [23] [24] [25] [26] [27] . Cunha et al. demonstrated higher levels of PD-L1 expression in papillary thyroid cancers compared to normal and benign lesions and showed a positive correlation between PDL-1 levels and infiltration of CD8+, CD4+, FoxP3+ lymphocytes, as well as tumor-associated macrophages [28] . French and colleagues found that PD-L1+ T-lymphocytes were enriched in lymph nodes with metastatic papillary thyroid carcinoma and identified a strong association with extranodal invasion and recurrent disease [29] . In a preclinical study of ATC, PD-L1 blockade was shown to be effective only when combined with a BRAF inhibitor [30] . A recent case report also showed dramatic and durable response of an ATC patient to combined vemurafenib and PD-L1 inhibitor treatment [31] . The therapeutic effect of blocking either PD-1 or PD-L1 has not been previously tested in patients with thyroid cancer, but a multicenter clinical trial sponsored by the International Thyroid Oncology Group (ITOG) has recently opened to examine the efficacy of PD-1 inhibitor therapy (NCT no. 02688608).
Many of the clinical trials using ICIs demonstrate that targeting multiple key immune regulators results in an improved clinical response over monotherapy based on resulting adaptive immune resistance mechanisms. One of these immune regulators that can contribute to adaptive immune resistance is indoleamine 2,3-dioxygenase (IDO1), a cytoplasmic enzyme responsible for one of the rate-limiting steps of tryptophan metabolism [32] . There is some evidence that intrinsic IDO1 expression within a tumor may be linked with an altered tumor immune response leading to immune escape through local depletion of tryptophan, or the creation of immunosuppressive tryptophan metabolites [32] . Thus, IDO1 inhibitors are being actively investigated in clinical trials in combination with other ICIs [33] .
While a limited number of publications have reported on PD-1/PD-L1 expression in WDTC and ATC, there is little published data on the expression levels of PD-L1 in PDTC. In this study, we examine the expression of the immune checkpoint molecules, PD-L1 and IDO1, in a cohort of patients with PDTC in order to determine whether there is a rationale for targeting the PD-1:PD-L1 axis and IDO1 in PDTC patients. A secondary goal of this study was to correlate PD-L1/IDO1 expression with clinical and pathologic features.
Materials and Methods
This study was performed with an IRB approval from the Massachusetts General Hospital (MGH).
A database of PDTC patients with surgical pathology was generated, reviewed, and classified by an experienced thyroid pathologist (WCF) at MGH using the Turin criteria [1] . Specimens from 28 patients with sufficient in-house surgical material for immunohistochemical staining were selected. Five micron sections were cut from surgical blocks of tumor and stained with IDO1 immunohistochemical stain (clone D5J4E, 1:40, Ph 6.0) and a combination PD-L1/CD8 double immunohistochemical stain (PD-L1: Cell Signaling cat no. 13684S @1:200 rabbit monoclonal clone E1L3N; CD8: Leica RTU cat no. PA0183 mouse monoclonal clone 4B11. Pretreatment with Epitope Retrieval Solution 2 at pH 9.0, for 20 min). Immunohistochemical stains were evaluated by two pathologists with experience in PD-L1 and IDO1 stain interpretation (WCF and MWR), both separately and at a doubleheaded scope.
Immunohistochemical Stain Interpretation
PD-L1 and IDO1 were both evaluated by H-score calculation [34] . Briefly, the percentage of tumor cells staining for each antibody as negative, weak, moderate, and strong staining (0, 1+, 2+, and 3+) was enumerated as percentages of all tumor cells (e.g., 70% 0+, 10% 1+, and 20% 2+). These percentages were then multiplied by their intensities (0-3) to give a score ranging from 0 to 300 (from the previous example: 70 × 0+ 10 × 1+20 × 2 = 50). For PD-L1, only membranous tumor cell expression was scored as positive; for IDO1, cytoplasmic staining of tumor cells was scored as positive (membrane only staining was not observed) [35] . The cutoff for PD-L1 and IDO1 positivity in this cohort was set at an H-score threshold of five which included all cases with 5% or more positive staining. The latter cutoff has been used previously in establishing the efficacy of anti PD-L1 therapy and is similar to that used for studies of head and neck squamous cell carcinoma [36, 37] . CD8+ tumor infiltrating lymphocytes (TILs) were semi-quantitatively graded on a scale from 0 to 3, with 0 being absent or rare, 1+ being < 5% of the positive-staining lymphocytes overlapping tumor cells, 2+ being 5-25% of the tumor cells with TILs present, and 3+ being > 25% of the tumor cells with TILs present. For purposes of analysis, scores of 2+ (i.e., 5% or more) were considered positive for abundant CD8+ TILs.
Statistical Analysis
Disease-free survival (DFS) was defined as time from date of diagnosis of the primary tumor to diagnosis of distant metastatic disease, or date of last follow-up. Patients with distant metastases present at the time of diagnosis were considered to have a DFS of 0. Overall survival (OS) was defined as time from date of diagnosis of the primary tumor to death, or date of last follow-up. Date of death was confirmed with the Social Security Death Index.
Demographic and clinical data analysis utilized Stata/IC 12.1 (Stata Corporation, College Station, TX). Group comparisons were made using the Student's t test, chi-squared test, Fisher's exact test, or Wilcoxon rank sum test, as appropriate. A p value of < 0.05 was considered significant. Kaplan-Meier survival analysis was performed. Cox regression analysis was performed to evaluate the association between PD-L1 positivity on histologic analysis and survival outcomes.
Results
Slides from 28 patients were immunohistochemically stained for PD-L1/CD8 and IDO1. Of the 28 patients, 25% (n = 7/28) were positive for PD-L1 at an H-score cutoff of 5 (median 32, range 7-119), and 75% (n = 21/28) were negative for PD-L1. There were several distinct patterns of PD-L1 staining that were recognized, including diffuse membranous staining of tumor groups (Fig. 1a) , localized staining at the periphery of tumor groups (Fig. 1b) , and staining which co-localized with CD8+ TILs (Fig. 1c) . The clinical and demographic characteristics between the PD-L1 positive and the PD-L1 negative patients were comparable, except for tumor size, and the presence of multifocality ( Table 1 ). The mean age of the PDTC patient cohort was 64.9 years (range 13.6-86.2 years, SD 14.1 years), with PD-L1 positive patients being slightly, but non-significantly, older than the negative patients (67.1 versus 64.3 years respectively, p = 0.67). The PDTC cohort was 46.3% male (n = 13), with PD-L1 positive patients being 28.5% male (n = 2), and PD-L1 negative patients being 52.4% male (n = 11; p = 0.396).
Hashimoto thyroiditis was present in 14.3% of both the PD-L1 positive (n = 1) and the PD-L1 negative cohorts (n = 3; p = 0.281). Extrathyroidal extension was present in 83.3% (n = 5) of the PD-L1 positive cases compared with 52.4% (n = 11) of the PD-L1 negative cases (p = 0.484).
PD-L1 positive tumors were significantly larger in size than their PD-L1 negative counterparts (7.8 versus 6.4 cm; p = 0.022, Table 1 ). Multifocality was present in only one case among the PD-L1 positive cohort and in none of the PD-L1 negative cohort (p = 0.046).
Using the American Joint Commission on Cancer (AJCC) 7th Edition Staging Manual for thyroid carcinoma, the stage for cases of PDTC in our cohort was either stage 3 or 4 for all tumors examined (due to the small number of cases, we did not distinguish between 4A and 4B). The median follow-up time for survival analysis among the PDTC cohort was 33 months in PD-L1 positive cases and 67 months in PD-L1 negative cases (p = 0.103; Table 2 , Fig.  2 ). The 5-year disease-free and overall survival appeared shorter for patients with PD-L1 positive tumors compared to PD-L1 negative tumors, although this did not reach significance (DFS 66.7 versus 81.8%, p = 0.340, OS 35.7 versus 79.7%, p = 0.328, respectively, Table 2 , Fig. 2) .
Of the PD-L1 positive cases, 29% (n = 2/7) of the cases coexpressed IDO1 (Fig. 1d) . IDO positivity ranged from an Hscore of 11 to 73.
Discussion
New treatment strategies are urgently needed for patients with PDTC. Patients often rapidly acquire resistance to targeted therapies such as BRAF and multikinase inhibitors, and no other standard treatment options exist to meet this need. Combination strategies that target multiple aspects of the tumor microenvironment (immune cells, tumor blood vessel endothelium, and cancer cells themselves) could provide a more durable benefit for some patients. Recently, the development of neutralizing monoclonal antibodies to immune checkpoint molecules such as PD-1/PD-L1 has revolutionized our ability to overcome T cell exhaustion, although resistance to this therapy has also been observed [38, 39] . Since cancer cells manipulate immune checkpoints to cause T cell exhaustion and facilitate immune evasion (Fig. 3) , examining the role these checkpoints play in aggressive thyroid cancers such as PDTC and harnessing the power of new immune regulatory drugs are necessary and important steps forward in thyroid cancer management. A complex multifaceted immunosuppressive network in human tumors, including thyroid cancer, is just beginning to be better understood. This immunosuppressive network includes molecules on the surface of tumor cells that convey immunosuppressive activity (such as PD-L1), proteins that create an anti-inflammatory milieu (such as IDO1), and leukocyte infiltrates that contain regulatory T cells (Treg), dendritic cells (DC), tumor-associated macrophages (TAMs), immature myeloid cells, and myeloid-derived suppressor cells (MDSCs), all of which work through various mechanisms to inhibit an effective immune response against the tumor. Greater understanding of this Bimmunosuppressive cellular network^will enable us to design rational combinatorial strategies that target both the immune cells and thyroid cancer cells [29, 40, 41] . Some thyroid cancers, especially those with the BRAF V600E mutation, appear to show disturbed host-tumor immune surveillance, which may contribute to the poorer outcomes observed in this subset of patients [42] . To rationally design such combinations, it is critical to first determine the basic expression levels of the immune checkpoint inhibitor proteins in the tumor microenvironment. Subsequently, understanding how tumor cell signaling pathways alter the various infiltrating immune cells and their effector products (e.g., cytokines) will potentially allow for better manipulation of these pathways to kill tumor cells. The critical role of the PD-L1/ PD-1 interaction has recently been investigated in thyroid cancer, but no large-scale trials have yet analyzed the effects of combining therapies such as Lenvatinib and immune checkpoint inhibitors [29, 30, 40] . The study presented here is one of the first examining both PD-L1 and IDO1 expression in PDTC. Several important aspects of immune checkpoint molecule expression are demonstrated in our cohort of PDTC. Most importantly, our series demonstrates that PD-L1 expression is common in PDTC, being present in 25% of these tumors, and IDO1 is co-expressed in a subset of the tumors. These findings raise the promising possibility that ICIs either as monotherapy or in combination may also have a role in the management of PDTC.
Although statistical significance was only identified linking PD-L1 with larger tumor size and with multifocality (which was present in only one case, limiting interpretation), it appears that for all clinical factors examined, PD-L1 positivity tended to be associated with poorer prognostic factors including older patient age, larger tumor size, extrathyroidal extension, higher AJCC stage, presence of metastatic disease at diagnosis, and shorter overall and disease-free survival. This data suggests that the presence of PD-L1 expression in tumor cells may be associated with more aggressive tumor behavior, as has been previously shown in papillary thyroid carcinoma (PTC), although using a different methodology and lower thresholds for calculating PD-L1 expression [43] . The statistical significance of this finding is limited by the size of our PDTC cohort, and larger series would be useful to further assess these observations. A further limitation of our study is the focality of PD-L1 expression in some cases, which we attempted to compensate for by staining whole slides with large areas of tumor rather than by using tissue microarrays. In view of the focal staining in some cases, studies that utilize tumor microarrays to assess the expression of immune biomarkers may underestimate the expression of immune checkpoint markers by PDTC. Of note, however, is that PDTC cases with positive PD-L1 expression tended to have a relatively high H-score, with only two positive cases below 10. Similar to its expression in PDTC, PD-L1 expression has also been associated with a worse prognosis in several other tumor types including breast [44] , head and neck squamous cell carcinoma [45] , renal cell carcinoma [46] , non-small cell lung cancer [47] , and others [44] .
PD-L1 expression has previously been studied in several types of thyroid carcinoma, including WDTC and ATC, but its expression has not been thoroughly detailed in PDTC. PD-L1 expression in WDTC was reported as early as 2013 and was associated with aggressive features [28] . In papillary thyroid carcinoma, PD-L1 expression appears to occur in approximately 50% of the tumors and is associated with decreased disease-free survival [43, 48] . It is not clear what is responsible for the decreased rate of PD-L1 positivity in PDTC compared to PTC. There is the possibility that PD-L1 is less expressed by follicular carcinomas, and by extension, PDTC arising from FTC, but this hypothesis has yet to be proven. Assessing for this discrepancy is further complicated by the fact that the underlying WDTC is unable to be determined in many cases of PDTC.
The expression of PD-L1 in tumor cells is reported to occur through two potential general mechanisms. The first mechanism is Bintrinsic immune resistance,^where the upregulation of PD-L1 occurs through the activation of an oncogeneassociated pathway, such as KRAS (seen in lung cancer) [49] or alterations in the MAPK pathway (such as with BRAF mutations seen in thyroid cancer) [42] . In vitro studies have shown that PD-L1 expression correlates with MAPK activation and is able to be altered with MEK and BRAF inhibitors [30, 50, 51] . This is important, since both these agents are in clinical use for aggressive thyroid cancers, including PDTC. In ATC, which conceptually represents complete rather than partial loss of differentiation compared to PDTC, studies combining BRAF inhibitors with PD-L1 antibody treatment in a BRAFV600E mutant mouse model resulted in intense CD8 + lymphocyte infiltration and cytotoxicity, with more favorable CD8 + /Treg ratios compared to each individual treatment, and ultimately led to a dramatic anti-tumor effect [30] .
In the second pathway, termed Badaptive immune resistance,^tumoral expression of PD-L1 occurs in response to certain cytokines associated with T cell-mediated cytotoxic attack, such as interferon gamma, in order to dampen the cytotoxic T cell activity [52, 53] . This T cell activity is generally correlated to the immunogenicity of the tumor, which is increased in tumors with microsatellite instability (MSI-H) and in virus-associated carcinomas [54] . Thus, PD-L1 expression appears to be highly expressed on MSI-H colorectal carcinomas as well as virus-associated head and neck squamous cell carcinomas [55] [56] [57] . In response to the observation that these cancers also appear to demonstrate a greater response to PD-1 axis blockade [58] , the FDA has recently approved pembrolizumab (an anti-PD-1 antibody) as a second-line treatment for advanced MSI-H cancers [59] . In our cohort, two of the three (67%) tumors with high CD8+ TILs and PD-L1 expression showed co-localization of PD-L1 (and IDO1) with CD8 positive T-lymphocytic infiltration, which may be explained by the adaptive response to the immune system activation.
Other patterns of PD-L1 expression in our PDTC cohort included positivity predominantly at the invasive edge of the tumor, likely also secondary to interaction with immune cells present within the stroma in these areas. It is interesting that a small number of PDTC in our cohort had diffuse strong expression of PD-L1 without robust CD8 positive infiltrates. As the majority of these tumors have not had genetic sequencing, it is unknown whether this staining pattern is secondary to an intrinsic driver mutation, but these patterns represent a potential for future study to better understand the mechanisms of immune checkpoint molecule expression in PDTC.
Our study of PDTC also identified a subset of cases that expressed IDO1, an immune regulatory molecule that creates an immunosuppressive environment, either through the local depletion of tryptophan or through the creation of immunosuppressive tryptophan metabolites [32, 33] . Interferon gamma-associated IDO1 upregulation has been reported in some carcinomas, and its inhibition has sensitized tumors to interferon-alpha-based treatment in animal models of kidney cancer [60] . Recently, IDO1 inhibitors have been developed and have entered clinical trials, often in combination with other ICIs. IDO1 overexpression has been reported in thyroid carcinomas where it has been shown to be associated with the RET gene rearrangement [35, 61] . In our study, IDO1 was infrequently expressed in isolation but was more frequently co-expressed in PD-L1 positive cases, suggesting an upregulation of both proteins secondary to interferon gamma expression, leading to an evasion of host immune responses. In addition, this finding implies that the presence of IDO1 may have the potential to serve as an adaptive immune resistance mechanism to the PD-1/PD-L1 inhibition and that the dual blockade of PD-L1 and IDO1 may be required to increase response rates to immune checkpoint blockade.
In summary, our study is among the first reporting the expression of PD-L1 and IDO1 in PDTC. PD-L1 expression was found to be relatively common in our series of PDTC and a subset co-expressed IDO1. These findings provide a promising rationale to further explore ICIs as either monotherapy or in combination in PDTC patients who have limited effective, treatment options. 
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